We show that an external coupled cavity containing a nonlinear quantum-well reflector can continuously selfstart a dispersion-compensated Ti:sapphire laser, which produces stable time-transform-limited pulses as short as 70 fs in a TEMOO mode. In this mode of operation, the quantum wells do not control the mode-locking process, as in previous research on the resonant passive mode-locked laser. By separating the mode-locking and starting processes, we show that the presence of higher-order spatial modes is not required to start or sustain mode locking.
Recently much emphasis has been placed on different mode-locking techniques for the Ti:sapphire laser with the aim of achieving broadly tunable short pulses with relatively high average power for spectroscopic applications. These techniques include acousto-optic mode locking,' additive-pulse mode locking,' resonant passive mode locking 3 (RPM), moving-mirror mode locking, 4 and intracavity passive mode locking with a dye jet 5 and a colored glass filter. 6 More recently a remarkable and interesting new self-mode-locking effect for the Ti:sapphire laser was introduced by Spence et al. 7 that generated pulses as short as 60 fs with a dispersioncompensated Ti:sapphire laser. In the presence of higher-order spatial modes and critical misalignment of the cavity, the laser intermittently self-mode locks and then falls back into cw operation. It has been suggested that higher spatial modes are required in order to start and sustain mode locking 7 and that a self-focusing effect can decrease the resonator losses and compensate for the linear misalignment of the cavity. 8 In this Letter we show that a nonlinear reflection from a coupled cavity can in a controlled manner continuously self-start this mode-locking process and obtain pulses as short as 70 fs in a TEMoo mode. The nonlinear reflection arises from a quantum-well reflector in a weakly coupled cavity similar to that previously used for the RPM laser. 3 In the RPM case, the nonlinear cavity is more strongly coupled and the quantum-well nonlinearity governs the mode locking. Although the resonant quantum-well nonlinearity limits the selfstarting tuning range, it separates the starting mechanism from the self-mode-locking mechanism and helps in the understanding of the latter process. Our experimental observations support the idea of an ultrafast self-focusing effect in the Ti:sapphire rod as the responsible mode-locking mechanism even without any higher spatial modes.
We use a modified Spectra-Physics Model 3900 Ti:sapphire laser with a single birefringent tuning plate. We asymmetrically extended the high-reflector side of the cavity by adding two SF10 prisms for dispersion compensation. 9 The axial mode-beating frequency (i.e., the pulse repetition rate) is -133.6 MHz. We measured a slope efficiency of 20% and a pump threshold of 1.34 W at a wavelength of 854 nm using all lines of the argon-ion pump laser. The nonlinear coupled cavity is identical to that of the RPM laser, 3 with the exception that a variable overall output coupler is formed by a halfwave plate and a polarizing beam splitter, and a variable aperture inside the Ti:sapphire laser was used to achieve femtosecond pulses. The purpose of this aperture will be discussed further.
We simultaneously monitor the laser output with a rf spectrum analyzer, a real-time noncollinear autocorrelator, a fast photodiode and a sampling scope, and an optical spectrum analyzer. We force the laser into TEMoo mode operation and start the mode locking with the quantum-well reflector. Without the nonlinear coupled cavity the laser does not start to mode lock. To achieve femtosecond mode-locked pulses we have to decrease an aperture inside the Ti:sapphire cavity ( Fig. 1 ), which at a pump power of 5.4 W reduces the average output power from 800 mW (open aperture) to <400 mW. At higher pump power we have to decrease the aperture even more. To prevent multiple pulsing we have to reduce the aperture to an average output power of <240 mW. Under this condition we observe stable transform-limited pulses as short as 73 fs assuming a hyperbolic-secant pulse shape [ Fig. 2 bandwidth product is 0.33, which is transform limited within experimental errors. We measured the amplitude noise spectrum (>200 Hz) of this laser, and, as in case of colliding-pulse mode-locked (CPM) lasers,'" the amplitude noise is dominated by the argon-ion pump laser. The long-term stability is excellent because the laser is started in a welldefined manner with no uncontrolled breakdown into cw operation.
When the laser is mode locked, we can block the quantum-well reflector in the coupled cavity and ob-0146-9592/91/131022-03$5.00/0 © 1991 Optical Society of America We measured the pulse width and the optical bandwidth as a function of the intracavity dispersion by the SF10 prism translation at matched cavity configuration. The laser beam is close to the apex of the first fixed prism, and the apex-to-apex distance between the prisms is 41.2 cm. The measured pulse width shows little dependence on the intracavity dispersion. For comparison, Fig. 3(b) shows the pulse width of an infrared CPM laser' for which identical prisms for dispersion compensation were used. Clearly, the dispersion in the Ti:sapphire laser is much less critical than in a CPM laser, and such a large difference cannot be explained only by the difference in photon cavity lifetimes. The tuning range is shown in Fig. 4 superimposed on the quantum-well reflectivity curve. The cw Ti:sapphire laser tuning range is limited by mirror reflectivities and the birefringent plate. The tuning range over which the laser is continuously selfstarting is approximately 30 nm and is limited by the resonant nonlinearity in the external cavity as in case of the RPM Ti:sapphire laser. 3 serve that the laser maintains mode locking for a period from minutes to as long as hours depending on outside physical perturbations. While keeping the external cavity blocked, we can stop the modelocked operation by briefly interupting the beam in the main cavity. When we unblock the quantumwell reflector in the coupled cavity, the mode locking immediately starts again. In contrast, in case of the RPM Ti:sapphire 3 or Nd:YLF (Ref. 11) laser the mode-locked operation ceases as soon as the coupled cavity is blocked. When we increase the coupling between the two cavities by reducing R 2 in Fig. 1, we observe strong instabilities because the quantumwell mode locking interferes with the self-modelocking process. When we detune the external cavity length and open up the aperture inside the Ti:sapphire laser, we move into the RPM regime (R 2 is typically 30% to 50%), and we observe stable picosecond pulse durations because the detuned coupled-cavity length produces the dominant bandwidth limitation.' 2 The measured spatial mode (using a chargepriming-device television camera with a frame grabber) is a TEMoo mode, which shows less than 8% noise variations from an ideal Gaussian mode, and the difference between cw and mode-locked operation is less than 6%. The nonlinear coupled cavity has no influence on the spatial mode profile. 835 nm. The picosecond RPM tuning range3 is larger because in that case the two cavities were more strongly coupled (R 2 = 10%o). In addition, as discussed above when we block the quantum-well reflector, the laser sustains mode locking and can be tuned beyond the self-starting range. Because of the increasing loss modulation of the birefringent tuning element we could, however, only tune it to =828 nm at which the pulse width increased to 130 fs.
Our results support the suggestion 8 that the mode-locking mechanism is a self-focusing effect inside the Ti:sapphire rod. When the cavity alignment is optimized for a stable TEMoo mode at cw operation we need a limiting aperture inside the Ti:sapphire laser to generate femtosecond pulses. Under this condition, the average output power increases by =10% from the cw power level when the laser is mode locked. At constant pump power, to prevent any additional effects due to thermal lensing, the relative power increase becomes larger for smaller aperture sizes. We believe that the limiting aperture introduces a gain discrimination for cw (i.e., low-peak-power) and mode-locked (i.e., highpeak-power) operation. At high peak power a selffocusing effect inside the Ti:sapphire rod modifies the cavity mode in such a way that the beam waist at the aperture becomes smaller, which lowers losses in favor of a mode-locked operation. An instantaneous (Kerr-type) nonlinearity would produce a loss at the leading and at the trailing edges of the pulse that is sufficient to produce mode locking. The modelocking process has to be forced to start. In our case, an ultrafast reflectivity modulation from the quantum-well reflector is used. In the case of Spence et al. 7 the higher-order mode beating enhances the self-starting, and in the case of the intracavity passive mode locking 5 6 the dye jet and the colored glass filter start the self-mode-locking process. We are able to reproduce the results of Spence et al. 7 without a limiting aperture but by misalignment of the cavity, which introduced higher spatial modes for cw operation. When, however, the laser mode locks (induced by the nonlinear coupled cavity) the mode is much closer to a TEMoo mode, which again has higher gain. In addition, the weak dependence of the pulse width on the intracavity dispersion changes (Fig. 3) may be due to the fact that the laser needs the high peak power for the mode-locking process and only adjusts its optical bandwidth to compensate for the dispersion changes introduced by the prism translations.
In conclusion, we have shown that the quantumwell nonlinear coupled cavity, which mode locks a Ti:sapphire laser (RPM), 3 can continuously self-start a different kind of mode locking. In contrast to previous research, 7 we find that higher spatial modes are not required to initiate or sustain this modelocking process. Our experimental results support the idea that the mode-locking mechanism is an ultrafast self-focusing effect inside the Ti:sapphire laser rod. The tuning range of the self-starting is limited by the resonant quantum-well reflector to s30 nm but could be extended by, for example, a quantum-well reflector with a continuously varying band gap. We pay a power penalty by introducing a limiting aperture inside the Ti:sapphire laser cavity, but with an intensity-dependent laser cavity design it should be possible to get the full output power.
